Introduction
[2] The Red Sea holds one of the most diverse marine ecosystems in the world, although fragile and vulnerable to oceanic warming [Cantin et al., 2010] . While global warming is evident across most of the tropical and subtropical seas, the Red Sea warming in particular appears to exceed the average marine tropical temperatures [Kleypas et al., 2008] . It is well documented that the consequences of the intense warming are apparent across the entire marine food web, i.e., from primary producers to toppredators, which can potentially lead to ecological breakdowns [Beaugrand, 2004; Richardson and Schoeman, 2004] . For instance, the increased warming has significantly slowed down the coral growth in the central Red Sea [Cantin et al., 2010] , while in other cases it has resulted in the calcification cessation, coral bleaching (zooxanthellae loss) and mortality. In the past, the Earth's ecosystem has repeatedly gone through large climate changes [Alley et al., 2003] . However, it is the speed of change that controls the level of response of the ecological communities. In other words, the ecological systems would have more chances to adapt in a slowly, rather than in a fast changing environment [Alley et al., 2003; deYoung et al., 2008] . Thus, particularly during the last decade there is a growing scientific interest in the detection and understanding of sudden changes or ecosystem regime shifts.
[3] The Advanced Very High Resolution Radiometer (AVHRR) Pathfinder data set has been characterized as the most extended time series of global sea surface temperature (SST) currently available [Nykjaer, 2009] . Although it was not initially intended to be used as a proxy in climate studies, it has been proved highly valuable for studying trends and anomalies over long time periods [Marullo et al., 2007; Nykjaer, 2009] . Despite the importance, there is no up-to-date detailed study assessing the Red Sea thermal regime through AVHRR. The goal of this study is to report the satellite derived spatiotemporal changes of the Red Sea temperatures, and assess whether the alterations observed during the last two decades originate from regional phenomena, or they are in part driven by global climate change trends.
Methods

Data Sets
[4] For this study, three different sources of temperature data were used, encompassing a period between 1985 and 2007. Here we used the monthly SST means (4 × 4 km 2 ) of the AVHRR Pathfinder V5 data set, which is produced jointly by the National Oceanic and Atmospheric Administration (NOAA), and the National Aeronautics and Space Administration (NASA). To avoid the solar radiation bias that occurs during the day-time from surface heating, only the nighttime overpasses were employed [Nykjaer, 2009; Raitsos et al., 2006] . The accuracy of the satellite derived SSTs are documented in numerous studies [Nykjaer, 2009; Marullo et al., 2007, and references therein] . A recent detailed ground-truth validation study in the Mediterranean Sea reported that the AVHRR Pathfinder data related to an average error of less than 0.1 K, while although satellites retrieve the temperature of the skin of the sea surface, the best fit was found at 4m depth [Marullo et al., 2007] . The authors further reported that the error appeared to be weekly dependent on season, while it did not drift with time. Both aforementioned features make the Pathfinder SST a dependable data set for studying global and regional trends and anomalies [Marullo et al., 2007] .
[5] Monthly means of the in situ air temperature data were obtained from the King Abdulaziz International Airport (KAIA), provided by the Presidency of Meteorology and Environment (PME) of Saudi Arabia. The Northern Hemisphere Temperatures (NHT) were acquired from the [Jones et al., 2008] and employed as anomalies relative to the 1961-90 reference period [Brohan et al., 2006] . The 1000hPa level monthly gridded geopotential height (m) from the National Center for Environmental Prediction-Department Of Energy Reanalysis II (NCEP-DOE) was also used for the same period [Kalnay et al., 1996; Saha et al., 2006] .
Data Analysis
[6] A regime shift index (RSI) combined with an automatic sequential algorithm [Rodionov, 2004] was employed to confirm the existence and statistical significance of abrupt changes in the data. The absolute value of RSI represents the magnitude of the shift(s) while its sign determines the change in direction of mean between regimes (see Rodionov [2004] for more information). The data were de-seasonalised (standardized anomalies) to reduce temporal autocorrelation. Pearson correlation and cross-correlation analysis were used to examine the relationships between the data sets.
Here it has to be mentioned that the correlation coefficient and its significance level were reduced when performed on de-seasonalised data (compared to the original one). However, the seasonality within the monthly temperature time series is very strong and thus should be removed prior to the statistical analysis.
Results and Discussion
[7] The monthly SST anomaly time series revealed an abrupt warming that was initiated in 1994, while it was stabilized to the new warmer state few years later ( Figure 1a ). The warming trend is apparent in every month, implying that the change is not driven by seasonality. The most pronounced signals in this anomaly plot are the relatively colder winter of 1992 and the relatively warmer summer of 1995 and 1998. Using the NHT anomalies [Jones et al., 2008] it has been shown that the years 1995 and 1998 have ranked as the warmest years of the Northern Hemisphere, while the temperature shift at the end of the 1990s was the most intense change in the last 160 years [Raitsos et al., 2010] . While the satellite derived Red Sea SST data set revealed an intense and abrupt warming in the mid-90s, this may be part of a more widespread temperature shift seen in NHT at the beginning of the 80s [Brohan et al., 2006; Jones et al., 2008] . In addition, the features revealed from the SST differences prior (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) and after (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) ) the abrupt change, clearly underlines that the oceanic warming is evident over (1985-1993 and 1994-2007 respectively) . (Note that the scale represents only positive anomalies as negative ones were not apparent.) the entire Red Sea (Figure 1b ). The average difference between the two decades registers around +0.62°C and in some areas exceeds the 1°C. It is the central part of the study area that portrays the highest deviations from the mean. This is in accordance with Cantin et al. [2010] reporting that the level of warming of the central Red Sea exceeds the observed mean tropical warming, an area that holds a very high diversity of corals.
[8] In order to examine whether the observed warming trends is a regional (Red Sea) characteristic or part of the current global warming trends, we used the NHT data set (Figure 2a) . The results are presented as the 6 month moving averages to reduce the excess noise of monthly means. The NHT and the regional SST anomaly data sets parallel one another at a significant level, showing that the Red Sea temperature is influenced by the Northern Hemisphere trends (on a monthly r = 0.44, p = 0.0001, and annual scale r = 0.73, p = 0.0001). To further assess the mechanism behind the marine warming in the study area, monthly anomalies of the in situ air temperatures were plotted against the regional SST ones (Figure 2b ). The marine temperature anomalies strongly parallel the in situ air temperature one (r = 0.62, p = 0.001), indicating the climatic influence on the Red Sea warming. Strong correlation is also documented at an annual base (r = 0.78, p = 0.0001). (Note that the correlation between the original monthly SST and air temperature, prior to seasonality removal, was r = 0.96, p < 0.00001.) Cross-correlation analysis indicated that the best fit between SST and air temperatures occur at 1 month lag (for SST). In other words, the air temperature is found to be a key parameter that influences the Red Sea marine temperature, as it changes first and approximately 1 month later, the alteration is observed in the sea. The effect and the timing of the atmospheric forcing (air temperature) on the Red Sea shown herein, is consistent with findings from surrounding regions such as the Mediterranean Sea [Astraldi et al., 1995; Raitsos et al., 2010] . Finally, the NHT appeared to be significantly correlated with the in situ annual and monthly air temperature anomalies (r = 0.56, p = 0.003 and r = 0.3, p = 0.001, respectively) indicating that the anomaly signals and trends evident in regional air temperatures, which in sequence influence the Red Sea SST are related to the climate anomalies of the Northern Hemisphere.
[9] The analysis of the long-term annual AVHRR SST revealed that not only the Red Sea is warming rapidly, but there is evidence of a temperature abrupt shift around 1994 (Figure 3a) . It can be observed that before 1994 the annual SST mean remains below the overall mean, whereas after the abrupt shift the opposite pattern is observed. During the first decade (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) ) the annual SST mean was 27.4°C, whereas during 1994-2007 the mean was 28.1°C (0.7°C difference). This result is confirmed (using Hadley SST data), as it is reported that the Red Sea has changed by 0.74°C between 1982 and 2006 [Belkin, 2009] . The coldest registered year was 1992 after which a stepwise increase is evident (Figure 3a) . Furthermore, the abrupt SST shift is related to a statistically significant change as the latter is assessed by the Rodionov's regime shift detection algorithm (year = 1994, RSI = 1.02, p < 0.0001). It is noteworthy that after the aforementioned stepwise increase, the SST has remained warmer without returning to its initial state. Additional analysis on in situ air temperature data revealed that the most extensive change was evident in terms of the minimum values. Figure 3b shows that the lower minimum air temperatures have increased rapidly after 1994 (RSI = 0.46, p = 0.002). Seasonal cycle analysis of both temperatures showed that the most prominent alterations occurred during the summer months (July and August), along with smaller changes during the winter months with a peak in February (Figures 3b  and 3c) . Similar results are obtained if analysis is performed in maximum as well as in total values, however the changes are more pronounced in the minimum air temperature values. August and February are also the months that have changed the most in the eastern Mediterranean Sea [Raitsos et al., 2010] . The winter months and particularly February are very critical for primary production (for both the Red and Mediterranean Seas) as they are related to the phytoplankton blooms that are primarily formed due to the intense water column mixing. Increasing SSTs lead to more stratified conditions associated with reduced vertical mixing and thus nutrient availability in the upper oceanic layer. Such a situation can be detrimental to phytoplankton, which forms the base of the marine food chain [e.g., Raitsos et al., 2011; Richardson and Schoeman, 2004] .
[10] The majority of the hitherto findings concern SST spatiotemporal trends, and how these are related to the broader changes seen in the Northern Hemisphere. To extend our working hypothesis, we investigate the involved proxy variable (i.e., SST) as a potential climate forcing regulator for the Red Sea area. Although not a direct recipient, the Red Sea bears few characteristics of the summer monsoonal regime (southwestern phase) dominant over the Arabian Sea and the Indian Ocean [Patzert, 1974] . These pertain to the northeastward expansion of the Arabian peninsula thermal low, which further interacts with the low level circulation known as the Somali Jet [Krishnamurti et al., 1976] . Figure 4a illustrates the summer (June to -September-monsoonal season) 1000hPa level geopotential height composite for the period , where the dominant low pressure system over the Arabian peninsula extends over the Red Sea. At the same time and despite the fact that precipitation over the area is very low (2-3 inches per year [Wang, 2006] ) other feedback mechanisms may strongly implicate SST as a climate regulating factor. The herein documented SST warming trends are expected to favor additional evaporation, hence the deepening of the regional low pressures over the area is likely. In turn, Figure 4b illustrates the respective numerical geopotential height difference prior to and after the herein documented SST abrupt change (1985-1993 period minus 1994-2007) . It becomes evident that the period 1985-1993 is followed by an overall lowering of the pressure gradients during 1994-2007 (i.e., positive geopotential height differences, 1000hPa, in meters) over the Red Sea, fact that supports the previous hypothesis. Additional implications arise from the aforementioned pressure re-distribution and these pertain to the zonal wind and cloudiness modulation over the study area. In fact, additional data analysis (not shown) depicts the intensification of the Somali Jet along with increased Outgoing Longwave Radiation values for the period 1994-2007.
Conclusion
[11] Regardless of its origin, natural and/or anthropogenic [Alley et al., 2003] , it is widely accepted that oceanic warming is evident worldwide. The satellite retrieved SST revealed that the Red Sea is going through an intense warming that was initiated in the mid-90s, with evidence of an abrupt increase after 1994 (a result also shown from the air temperature data sets). Only during the last decade, the SST has increased by 0.7°C. Spatiotemporal analysis showed that the thermal change is apparent in the whole Red Sea and in the entire year. Comparison with temperatures of the Northern Hemisphere suggested that the Red Sea warming is not a local phenomenon but a part of a widespread warming trend that is observed worldwide. In this view, the marine temperatures appeared to follow the air temperatures with 1 month delay, indicating the approximate time needed to see the changes in the sea. It is evident that the broader climate including atmospheric forcing and intensity of monsoons have been altered during the period of SST abrupt shift. This work brings a step closer toward reporting and understanding a temperature abrupt change seen in the Red Sea. However, the question as which factor has triggered this sudden alteration remains unanswered. Alley et al. [2003] mentioned that even a small and slow forcing can trigger an abrupt change. The description of the potential ocean temperature-lower atmosphere feedback would need further and detailed investigation.
[12] An abrupt climate change can potentially occur when the climate system is forced to overpass a particular threshold, while their economic and ecological impact could be significant [Alley et al., 2003] . It is predicted that the Red Sea temperature will increase as climate change continues [Cantin et al., 2010] , a prediction that will further alter the regional ecosystem. The level of the Red Sea temperature change is one of the highest seeing, a result that is confirmed by other studies. Oceanic warming may have a direct or indirect impact on marine entities and ecosystems, thus, there is a need to assess further available past biological data (e.g., coral, fisheries, plankton) for potential responses to the new thermal state, and to closely monitor the relatively unexplored and fragile Red Sea ecosystem.
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